Abstract Sequence specific resonance assignment of proteins forms the basis for variety of structural and functional proteomics studies by NMR. In this context, an efficient standalone method for rapid assignment of backbone ( 1 H, 15 N, 13 C a and 13 C 0 ) resonances of proteins has been presented here. Compared to currently available strategies used for the purpose, the method employs only a single reduced dimensionality experiment-(4,3)D-hnCO-CANH and exploits the linear combinations of backbone ( 13 C a and 13 C 0 ) chemical shifts to achieve a dispersion relatively better compared to those of individual chemical shifts (see the text). The resulted increased dispersion of peaks-which is different in sum (CA ? CO) and difference (CA -CO) frequency regions-greatly facilitates the analysis of the spectrum by resolving the problems (associated with routine assignment strategies) arising because of degenerate amide 15 N and backbone 13 C chemical shifts. Further, the spectrum provides direct distinction between intra-and inter-residue correlations because of their opposite peak signs. The other beneficial feature of the spectrum is that it provides: (a) multiple unidirectional sequential (i?i ? 1) 15 N and 13 C correlations and (b) facile identification of certain specific triplet sequences which serve as check points for mapping the stretches of sequentially connected HSQC cross peaks on to the primary sequence for assigning the resonances sequence specifically. On top of all this, the F 2 -F 3 planes of the spectrum corresponding to sum (CA ? CO) and difference (CA -CO) chemical shifts enable rapid and unambiguous identification of sequential HSQC peaks through matching their coordinates in these two planes (see the text). Overall, the experiment presented here will serve as an important backbone assignment tool for variety of structural and functional proteomics and drug discovery research programs by NMR involving well behaved small folded proteins (MW \ 15 kDa) or a range of intrinsically disordered proteins.
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Introduction
Backbone resonance assignment of proteins forms the basis for variety of structural and functional proteomics studies by NMR e.g. (a) three dimensional structure determination of proteins, (b) studying their interaction with various binding partners (like nucleic acids, peptides/proteins, carbohydrates, metal ions, drugs, etc.) and (c) studying the effect of mutations on protein structure (which in turn reflects in its bioactivity) and to ascertain the role of specific residues in a particular function [1] [2] [3] . NMR further provides a powerful approach for (a) studying protein folding/unfolding pathways and mechanisms especially in the context to understand relationship between a protein's sequence and its tertiary structure [4] [5] [6] and (b) characterization of structural and dynamics features of intrinsically unstructured proteins (IUPs; which are not amenable to X-ray crystallographic approaches at all) [4, 7] . NMR is also playing a strategic role in drug discovery research programs like (a) high-throughput screening of potential drug candidates based on the amide chemical shift changes in 2D 1 H-15 N HSQC spectrum of target protein [8] , (b) structure based drug discovery (SBDD) programs through the determination of high quality structures of proteins and their complexes [9] , (c) fragment based drug discovery (FBDD) programs through identification of the binding site on the target protein and the binding fragments [10, 11] . The very first and key requirement in all above studies by NMR is the backbone resonance assignment.
Several NMR experiments and based on strategies have been proposed in the past for backbone resonance assignments in 13 C/ 15 N labeled proteins [12] [13] [14] . However, these strategies are highly time-consuming, laborious and lowthroughput either in terms of data acquisition or data analysis. The major drawbacks are following:
• Most of the currently available strategies involve recording of more than one triple resonance 3D NMR experiments [12] for the assignment of backbone ( 1 H N , 15 N, 13 C a and 13 C') resonances. However, the use of multiple spectra elaborates the analysis and sometimes may lead to complications due to inter-spectral variations of chemical shifts. The situation -common in proteins which are unstable in solution-further impairs the performance of automated assignment algorithms.
• Most of the established strategies of backbone resonance assignment involve complementary sets of 3D NMR experiments [14] e.g. HNCA/HN(CO)CA [15, 16] , HN(CA)CO/HNCO [17] , and CBCANH [18] / CBCACONH [19] ) where the first experiment of each pair helps to discriminate self and sequential chemical shifts. No doubt in HNCA or HN(CA)CO or CBCANH experiments, the self and sequential cross peaks have different intensities due to different J couplings between self and sequential 15 N and 13 C a nuclei and can be distinguished in a single experiment, however, in situations when self and sequential carbon chemical shifts are almost identical and if they are of the same sign-as is the case in the standard HNCA, HN(CA)CO and CBCANH experiments-both self and sequential peaks appear as one and therefore distinction between them becomes difficult. In such cases, the use of the complementary experiment may help to get the unambiguous and accurate information about sequential correlation peaks for establishing a sequential (i to i -1) connection through the match of self and sequential carbon ( 13 C a or 13 C') chemical shifts. Further in such situations, at least two pairs of such complementary experiments are typically required to establish the complete backbone ( 1 H N , 15 N, 13 C a and 13 C') assignment. The additional experiments not only increase the demand for NMR instrument time (typically ranging from few days to weeks), but also imposes a condition of long time stability on protein samples. However, there are proteins which are unstable in solution and tend to precipitate in matter of days, thereby reducing the time available to record NMR data. The situation is quite common while studying mammalian as well as intrinsically unstructured proteins where the inherent conformational flexibility renders decreased stability due to destructive intermolecular interactions. Protein stability is also a serious problem during protein folding/unfolding studies by NMR under different concentrations/strengths of a folding/unfolding reagent.
• The routine assignment strategies based on standard 3D NMR experiments (like HNCA, HN(CA)CO or CBCANH) involve repeated scanning through the 15 N planes of the 3D spectra to search for the matching peaks along the carbon dimension [20] . These strategies work well in case of folded proteins which exhibit good 13 C chemical shift dispersion. However, in case of proteins with only limited 13 C chemical shift dispersion and high degree of amide shift degeneracy (e.g. unfolded or intrinsically unstructured proteins and proteins containing repetitions of identical amino acid stretches) the sequential assignments become a challenging task and sometimes may fail [20] .
These are the drawbacks which limits the utility of NMR for high-throughput structural and functional proteomics studies and for modern day drug discovery programs. Therefore, development of novel NMR methods and protocols is highly desirable to overcome these limitations. The following key objectives have been identified in this scenario: (1) reducing the number of NMR experiments to obtain the required information (keeping the total number of spectra small is highly desirable for efficient performance of automated assignment algorithms as well), (2) to increase the speed of data collection, and (3) to design simple and efficient data analysis strategies.
In the above context, two novel pulse sequenceshncoCANH and hnCOcaNH [21] -were reported previously from Prof. Hosur's group for rapid and unambiguous assignment of backbone ( 1 H N , 15 N, 13 C a and 13 C') resonances of proteins. However for the complete assignment of backbone ( 1 H, 15 N, 13 C a and 13 C') resonances, both these experiments are generally required, where they also complement each other for resolving the ambiguities arising because of degenerate 13 C a / 13 C' chemical shifts. However, the use of two spectra may even elaborate the analysis and may sometimes lead to complications due to inter-spectral variations of chemical shifts. As an alternative, a single experiment -(4,3)D-hnCOCANH-has been presented here which employs the simple reduced dimensionality (RD) [22, 23] concept, simultaneously (1) to retain all the beneficial spectral features of hnCOcaNH/ hncoCANH experiments and (2) to achieve higher dispersion along the F 1 ( 13 C) axis through linear combination of 13 C a and 13 C' chemical shifts. Overall, the experiment represents an improvement over the basic hnCOcaNH and hncoCANH experiments [21] both in terms of its efficacy and speed. Depending upon the size, concentration, and the conformational state (folded/unfolded) of the protein in solution, the whole exercise including data collection and data analysis can be accomplished in 1-3 days only. Therefore, the method has wide range of applications in NMR studies of proteins e.g. (a) high throughput structural proteomics studies involving well behaved small folded (MW \ 15 kDa) proteins; especially when the protein structure is determined using algorithms based on backbone chemical shift data alone like CS23D [24] , CSRosetta [25, 26] etc., (b) studies involving functional unfolded proteins, (c) protein folding/unfolding studies involving characterization of structural propensities (derived from backbone chemical shift data) at different concentrations/strengths of the unfolding/folding reagent like temperature, pressure, pH, chemical denaturants etc. and (c) functional genomics/drug discovery research programs where the method can be employed to reestablish the lost assignment as well as to monitor the conformational changes (inferred by perturbed backbone chemical shifts) upon ligand/drug binding or upon a mutation.
Materials and methods
The proposed reduced dimensionality experiment -(4,3)DhnCOCANH-was developed and successfully tested first using a N labeled tgADF protein sample (prepared as described here [27] without cleaving the additional twenty-one residue purification tag) used in this study was about 1.0 mM in concentration and was dissolved in 20 mM sodium phosphate buffer pH 6.5, 50 mM NaCl, 1 mM DTT, 0.1 % NaN3, and 1 mM AEBSF.
Assignment tool for NMR studies of proteins 111
All the experiments were performed on a Bruker Avance III 800 MHz NMR spectrometer equipped with a Cryoprobe. The resulted NMR data were processed using Topspin (BRUKER, http://www.bruker.com/) and analyzed using CARA [28] . A point to be mentioned here is that the separation between sum and difference frequencies (i.e. C' channel is used between 186 and 188 ppm and the final data is processed for the 13 
C
a offset of 54 ppm. Frequency selection along all the indirect dimensions has been done by States-TPPI method [29] and the data is processed using normal Fourier Transformation (FT) like standard NMR experiments (as described here [29] ). Prior to Fourier transformation and zerofilling, data was apodized with a sine-squared weighting function shifted by 60°along each dimension.
For unfolded UNC60B protein, the experiment was performed at 290 K (to reduce the conformational exchange in the polypeptide chain) and a total of 1024 complex data points were collected along the direct dimension, 48 complex points were used along the indirect C' channel were set at 54.0 ppm (spectral width along 13 
a dimension was 40 ppm) and 174 ppm, respectively.
Results and discussion
Pulse sequence and magnetization transfer in (4,3)DhnCOCANH experiment
The pulse sequence for (4,3)D-hnCOCANH experiment has been shown in Fig. S1 . It has been derived by simple modification of the basic 3D HN(C)N experiment described earlier [30] and differ in the way the t 1 evolution is handled according to reduced dimensionality (RD) NMR [22, 23] . Basically, the backbone 13 C' and 13 C a chemical shifts are co-evolved during t 1 evolution instead of amide 15 N chemical shift. The transfer efficiency functions which dictate the intensities of self and sequential correlation peaks in (4,3)D-hnCOCANH spectrum would be the same as those in the HN(C)N spectrum described previously [30] [31] [32] and therefore, the salient features of the spectrum have been presented here only. Figure 1a , b traces the magnetization transfer pathway along with the respective frequency labeling schemes in the (4,3)D-hnCOCANH pulse sequence. As shown schematically in Fig. 1c , the peaks appear at the following coordinates in the (4,3)DhnCOCANH spectrum: 13 C' offset ), these can be evaluated based on reduced dimensionality NMR approach [22, 23] as:
Thus, the F 2 ( 15 N)-F 3 ( 1 H) plane corresponding to (Fig. 1c) . As shown in Fig. 1 , the inter-and intra-residue correlation peaks in different planes of the (4,3)D-hnCOCANH spectrum have opposite peak signs except in special situations -i.e. situations when the triplet sequences contain Glycine/Proline residues-the actual sign patterns of the two kinds of peaks in each set would vary like the basic HN(C)N experiment [33] . Considering different triplets of residues, covering the general and all the special situations, the expected peak patterns in different planes of the (4,3)DhnCOCANH spectrum have been described in Appendix II and schematically shown in Figure S2 (Supplementary Material).
As evident from Figure S2A , the actual signs of inter-residue (H i ; C (Fig S2A, last panel) . These special peak patterns at glycines, proline and the residues present next to them provide important start or check points during the course of sequential assignment process. Thus for a given protein with a known amino acid sequence, it is possible to identify several special triplet sequences simply by inspecting the various F 1 -F 3 planes in the (4,3)D-hnCOCANH spectrum. The process has been illustrated schematically in Figure S3 .
The other advantage of the experiment is that the coevolution of 13 C' and 13 C a chemical shifts provides a dispersion (along F 1 dimension) better compared to that of the individual chemical shifts. The fact has been demonstrated here in Fig. 2 using average 13 C a and 13 C' chemical shifts derived from the Biological Magnetic Resonance Bank (BMRB) database [34] for all the 20 amino acids [www. bmrb.wisc.edu/ref_info]. As shown in the figure, the average 13 C' and 13 C a chemical shifts individually show dispersions of *21.5 and *8 ppm, respectively, (Fig. 2a,  b) ; where 1 ppm = 200 Hz, at 800 MHz spectrometer for 13 C dimension. However, the addition and subtraction of these chemical shifts ( 13 C' and 13 C a ) provide dispersion of *21.5 and *25.0 ppm, respectively (Fig. 2c, d) ; relatively better compared to the individual ones. The fact has been exploited here in the form of reduced dimensionality experiment -(4,3)D-hnCOCANH-to facilitate the assignment of backbone resonances of complex protein systems. However to achieve good separation between the addition and subtraction frequencies (i.e. 13 C ? and 13 C -) in the final (4,3)D-hnCOCANH spectrum, one should be careful about (1) the spectral width used along the co-evolved dimension and (2) the RF pulse offset along 13 
C
0 channel. The combined analysis of average 13 C a and 13 C' chemical shifts of all the amino acids ( Fig. 1 ; data taken from BMRB) and the Eqs. 1 and 2 revealed that for a given protein the two frequencies (i.e. 13 C ? and 13 C -) will be separated from each other (1) if the 13 C 0 carrier is kept 1-2 ppm away from the most down fielded shifted 13 C 0 chemical shift (typically between 186 to 190 ppm) and (2) accordingly the spectral width along the co-evolved dimension is increased (typically from 60 to 80 ppm). The above described features of the reduced dimensionality experiment (4,3)D-hnCOCANH have been demonstrated here on a 15.5 kDa size folded protein tgADF (139 aa) and 8 M urea-denatured UNC60B (152 aa), as representatives of folded and unfolded protein systems, respectively. Figure 3 shows the experimental demonstration of these features for the F 1 ( 13 C)-F 3 ( 1 H) planes of the (4,3)D-hnCOCANH spectrum, whereas Fig. 4 shows the experimental demonstration of these features for the Rapid and unambiguous identification of sequential HSQC peaks along the co-evolved carbon dimension As evident from Fig. 1 , the particular advantage of (4,3)DhnCOCANH spectrum is that (a) it provides easy discrimination between self (intra-residue) and sequential (inter-residue) correlation peaks because of their opposite peak signs (without involving any other complementary experiment) and (b) it exhibits special patterns of self and sequential peaks around glycines and prolines which serve as check points for transforming the stretches of sequential chemical shifts. A horizontal line connects self peak (red here) in one plane to a sequential peak (black here) in the adjacent plane on the right. However, the special patterns appear for strips of glycines (self peak appears positive/black in sign) and the residues following glycines in the sequence (sequential peak appears negative/red in sign). The fact here has been illustrated using the panels corresponding to residues Gly4/Gly6 and Met5/Val7 of tgADF. These special patterns help during the sequential assignment walk through the spectrum connected peaks into the final assignment. These featureslike the basic experiments-would greatly facilitate the backbone resonance assignment even following the routine assignment procedure where two sequential residues are identified through the match of carbon chemical shifts of residues i and i ? 1 (nicely depicted in Fig. 3 ). However on top of this, the most remarkable feature of the (4,3)DhnCOCANH spectrum is that the 1 H-15 N planes of this spectrum provide unambiguous and rapid identification of sequential HSQC peaks along the resulted well dispersed carbon dimension. In other words, a sequential i to i ? 1 connectivity between two HSQC peaks can be established directly on the 1 H-15 N plane of (4,3)D-hnCOCANH spectrum at 13 C ?/-chemical shift of residue i. The process has been illustrated experimentally in Fig. 4 using an example stretch of amino acids -Gly4-Val5-Lys6-corresponding to unfolded UNC60B. Compared to the routinely used NMR experiments (like HNCA, HN(CA)CO, CBCANH, etc.), -which also provide the identical filtering of sequentially connected HSQC peaks along the 13 C dimension but all with the same phase-the advantage with (4,3)D-hnCOCANH spectrum is that the sequential (H i?1 , N i?1 ) HSQC peaks appear opposite in sign; thus can be differentiated easily from the self (H i , N i ) HSQC peaks. The true sequential HSQC peak (H i?1 , N i?1 ) will always be of opposite peak sign on the 1 H-15 N planes of the spectrum (at both 13 C ? and 13 C -chemical shifts of residue, i). This visual striking feature helps to reduce the overall search for the sequential HSQC peaks on these 1 H- 15 N planes. The process is facilitated further by the random and well dispersed nature of 13 C ?/-chemical shifts (along the jointly sampled F 1 carbon dimension). Overall, the spectrum provides rapid and unambiguous identification of sequentially connected HSQC peaks which is highly desirable while performing sequential assignment of intrinsically unstructured proteins and of proteins containing repetitive amino acids (e.g.…TSAAGTTTE…) or repetitive stretches of amino acids (e.g. …QPLAGA… QPLAGA…). Such proteins have always posed a great challenge for backbone resonance assignment following the conventional approaches where the poor dispersion of 13 C a/b chemical shifts (e.g. as in case of CBCANH) and their dependence on the amino-acid type result in the crowding of self and sequential HSQC peaks on 1 H-15 N planes of the spectrum at the degenerate carbon chemical shifts.
Assignment protocol
The assignment protocol -based on visually striking spectral features present both in the F 1 -F 3 and F 2 -F 3 planes of the reduced dimensionality spectrum (4,3)D hnCOCANH-has been illustrated in Fig. 4 . The efficacy of the protocol results from (a) unidirectional sequential amide and 13 C correlations (i ? i ? 1) and (b) the striking visual peak patterns of self and sequential peaks in different planes of the 3D spectrum which enable ready identification of certain specific triplet sequences (Fig. 4) . Overall, the strategy represents an improvement over that previously reported based on 3D-hnCOcaNH and 3D-hncoCANH experiments [21] . The advantage is elicited from the fact the dispersion of carbon correlation peaks in the sum and difference frequency regions along the F 1 dimension is different and relatively better compared to that along the F 1 dimension of the basic experiments (Fig. 2) and facilitates the assignment by (1) simultaneously connecting ( 13 C a ?
13
C') and ( 13 C a -
C') correlations (Fig. 3) and (2) identifying the sequential HSQC peaks on F 2 -F 3 planes along the F 1 dimension (Fig. 4) . Even the explicit side chain assignment would not be very necessary to decide on the correctness of the sequential assignment because of the large number of various check points that are generally available.
Taken together, the experiment commingles the steps followed in HN(C)N [33] and HNCA/HN(CO)CA based assignment strategies and thus makes the assignment process even faster, efficient and more accurate. The stepwise detailed description of assignment protocol based on these striking spectral features has been given in Appendix III of Supplementary material (using Figures S3-S5 
The obtained information of backbone 13 C a and 13 C' chemical shifts then can be used to obtain the reliable secondary structural information about the protein using the routine chemical shift index (CSI) method [35] [36] [37] . The fact has been validated in Appendix II of the Supplementary material. The performance of the method has successfully been demonstrated on 13 C/ 15 N labeled bovine apo-calbindin (75 amino acids) where the complete backbone resonance assignment was established in about 7-8 h of manual analysis of the current (4,3)D hnCOCANH ( Figure S6 and Table S1 ).
Concluding remarks
In conclusion, an efficient standalone method for highthroughput assignment of backbone ( Overall, the method has its immense value in NMR investigations of well-behaved small folded proteins (MW \ 15 kDa) and a range of functional unfolded proteins because of its efficacy, speed and simplicity. The method will also serve as a valuable NMR assignment tool for SAR by NMR (i.e. studying Structure Activity Relations by NMR [9, 38] ) or to re-establish the lost resonance assignment of protein mutants (specific mutations for folding and/or function). Similarly, the method can also be used to probe the conformational changes induced by mutation to ascertain the role of specific residues in a particular function (via estimating residue wise secondary structure information derived from backbone 13 C a and 13 C' chemical shifts). The use of single experiment further helps to get rid of the complications arising because of interspectral variations of chemical shifts; the problem is common in proteins which are unstable in solution or tend to precipitate in matter of days. Therefore, the method is very well suited for automated data analysis as well where keeping the total number of spectra small is highly desirable to avoid the inter-spectral variations of chemical shifts. Further, the experiment -like the basic HN(C)N experiment [31, 32] -can also be tuned for additional amino-acid specific (i.e. alanines and serines/threonines specific) patterns of intra-residue (self) and inter-residue (sequential) correlation peaks and hence enable identification of additional triplets of residues. The details have been described in supplementary material Appendix V.
A point to be mentioned here is that the proposed RD experiments requires longer experimental time compared to the basic 3D HN(C)N experiment in order to reach the same resolution. This is because of the fact that one has to acquire more data points along the co-evolved F 1 dimension where the linear combination of chemical shifts renders increased spectral width (generally two to three times of the primary 15 N spectral width). Other limitation associated with the experiment is its low sensitivity as the experiment employs many steps of magnetization transfer via several long transfer delays (Fig. 1) . However with the currently available higher magnetic fields and efficient Cryo-probes offering higher signal to noise ratio, the sensitivity of the experiment will be not be a serious issue and it can be successfully applied for studying wellbehaved small-to-medium sized proteins (MW \ 15 kDa). Inherent low sensitivity of the experiment may demand for longer experiment time, however to save on experiment time, the experiment can be modified according to recently introduced (1) BEST NMR [39] , (2) L-optimization [40] , or (3) non-uniform sampling [41] approaches for rapid data collection. Nevertheless, the current experiment -like the basic HN(C)N experiment-can be applied for studying a range of functional unfolded proteins (MW ranging from 8 to 15 kDa) where the sensitivity problem is partly circumvented by the favorable relaxation properties (associated with disordered polypeptide chains because of their inherent backbone flexibility). Taken together, the experiment and based on assignment method presented here will serve as an important backbone assignment tool for structural and functional proteomics, protein folding, and drug discovery research programs by NMR involving well behaved small folded proteins (MW \ 15 kDa) or a range of intrinsically disordered proteins.
